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The method of recording the direction of flows on the
basis of the hydrodynamic zero-point measurement has now
reached a “certain limit, in spite of the qood results
achieved. While the avail”a%le flow-direction devices are
accur2te enough for many purposes, they are all insuffi-
cient for perfectly exact prediction of tile flow direc-
tion. The next problem mill ‘De to achieve a point-lly-
point flow-direction record, where%y the test procedure
must be simplified, accelerated., ,znd the dc%roe of accu-
racy of the test data, improvod.

Theoretically , there are ttvo ways of measuring the
direction of flow: direct and indirect.

1. Direct Measurement

By this method the an~le of the $1OW and the pressure.
of the. flowing medium.are direcily recordod and read on
protractors or pressure indicators. The ;&n$le of yaw of
the instrume~t vith respect to a.fixed reference Plane,
affords an indication of the ‘flow direction- The process
is therefore very simple; but 30CZLUS0 of space require-
ments, such an instrunen.t can only be employed in the
free stream or in spatially very extbnsi”v~ flowsc If e,
Prhndtl tube is used, the static pressure and the tothl
head are obtainca i~~edi~tc~y ~.+it~ouijpr”~.ssure conversion
factor, vhile most of the other instruments require a cor-
rection factor for the pressure-
-——— ————— —____ —— .——----—-——----—--——-
*llErfe,hrunqen nit ~,fesggger~tonzur Bestirwnm% der Strgmun%s-

riciltung. “ Jahr%uch 1938 der Deutschcn Luftfahrt- ..
forschunq, PP. II 381-385.

L. : ._—— .—-.
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2. Indirect Measurement

In principle, a surface contains a number of ori-
fices at certain angles (for instance, the spherical pi-
tot) on which the pressure is recorded. These pressures
afford coefficients which are represented in calibration
curves for the particular instrument. From the recorded
pressure and the calibration curve, a definite angle of
flow, also t’he static pressure and the total head are o-o-
tained. TO plot the calibration curves, the instrument is
moun,ted on a yawing device and the pressure at the differ-
ent orifices of the instrume-nt recorded at different an-
gular settings. The obtained and computed coefficients
are then plotted ,a%ainst the angul,ar setting. This method
is simple and rnzch preferred for experimcr.t,al use. It hr2S

the added advanta.~e of requiring a minimum of space.

II. II?STRUMEITTS FOR FLOW-DIRECTION HEASURZW3NTS

I. Generalities

The simplest method of flow-direction measurement is
to render the flow paths visi%le and to record the streaml-
ines %y canera or notion-picture nachine. The stream-
lines in the water can %e made visi-ole “oy air hu%bles,
dyes , or lycoyodiun powder. A simple direction reading of
an air stream is possi%le with the aid of wool tufts or
streamers. This method is preferred in small tunnels, for
instance, Yetween the tins of cylinders, or for viewing
flow around models where, for reasons of space, pitot
tubes are unsatisfactory. Smoke nixed with air affords a
better insiqht into the flow conditions.

Where space permits, the hydrodynamic zero-point meas-
urement is widely used. This nethod employs a synnetri-
cally designed pitot-static head, with the sane pressure
distribution on both sides, so that the orifices provided
at the same angles to the stagnation point indicate the
same pressure. The advantage of this type is its satis-
factory use in both water and air. The turbulence effect
is small, especially since the errors accruinq from de-
fects in symmetry are usually much greater. For accurate
readinq, stagnation-point instruments are unsatisfactory
%y nonstationary flow with respect to time since, %y peri--
odic flowionly a time averaqe of the flow velocity
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can be measure d,. J?1OTTSembodying..strong vortex zones,
such .as downstream from bodies of resistance, are also
difficult to mea~ure- ,.

,’..

In restricted flow spaces, measurement with pitot- ‘1
static hc.ads is no longer possi%le,” s,iticethe spatial ex- “.,,
tent of the instrument disturbs .thc flow at the test point.}
Tho test instrument itself must “-tiesuspended in the flow
so as to ‘D~ bend-resistant and free. from vibrations. Its
size depends upon the m~chanical practicability and the
possibility of bousinq the ~ittlc pressure tubes On the
inside. The spindle or shaft diamet,er also depends on the
size of tb.cse.little pressure tubes. ..Ifthey are too nar-
row or too Zonq, especially in water, the terminal pres-
sure state can only be accurately defined after severe.1
minutes. For this very rea,scjii, the pressure +ju~~s ~r~

yiven a ‘;rea.terdiameter downstream from t~+e ~xp~rimcntal
he,a,d.

2. Desiqn Types

Tho desiqil of the head is largely dopcndent on rheth-
er the flow is two- or three-dim~n.sional :

a) Z%o-dimensional flow .direct+or - vitot tu”oe.- Fiq-____ ________ - ____._ ____
Ure 1 s“~o,ysthe: pitot tube an,.d,the r:olationship ‘oetween
,to~,alhead ~tindangle of yaw as obtained ‘%y calibration -
the, tube %ein~,~;awed .unt’ilzero ‘.to’ta’lhe~d is achieved by

Y----–Q ‘Po.sit.iyeor ‘q.ne:ative ,nngle o ya,w. ,,This brings the
directio;l “of flow in the, exact center of the two pres.sure-
reversal points. The total head is ‘~easured ‘very sin ly ‘
b~~,settinq the pitot in the median pos;tion. up to.? *

., ‘. 15~ yal$,.the y.i,to’t.tubeiS not directional.l,y susc’ept”ible
to oblique flow:, and. th6refo,re, very practical ;or total-
pressure neasu.refl.ent(fiq.. 1). But , after deternina,tion
Of the pressure-reversal. yoints, it is alSCI useful for.
flow-direction measurement. .~,~eyawinx. of th”e instrument
~.ust be. ~lade .a%out the pressu.r.e test station. The static..



,,

pressure is then best. deterhi;e.d .~y.naotb=r illstru~~ent -
say, by Prandtl tu3e , as Cohpara’iiv’e iilstrunent . By strong
$urbulence, however, the pitot tube fails as direction in-

/
strument’ because the errors become.,excessive.. The princi- -
pal advantaqe of the pitot tube consists in its point-b?~-
point measurement, since onl:t a ver~~ restricted Zone of fIOW
is involved.

Prandtl Pitot Tube

-.
l?i~;ure2 shows this’ re~l-known instrument and the

pressure variation in rela’tion to the (angle of s~aw. The
pressure-reversal point &- the instrument emplo~red in the
Institute is located a..t+48°. The permissible an%~e of
jraw is ~ = 545°. Theoretically, this instrument is alsq
suit~,%le for flow--dirbction neasurer.en’ts, provided the re-
versal points, as in figure 2, nre kn.oun. Th~”se reversal ~
points must be defined for e7er3r instrument, since the
‘head s’%pe ho.q ,a far- rea.chin% effect “o”nthe direction sus-
ccpti%ility.

s~m_ce the ~ran~tl tu”oe, like the “p~tot tu-oe,:‘must %e
bent for poiizt-’hy-’point men.surements, ~ilaerethe spindle
must le :~a~~ed,,q+roundthe tot,al :OecadStation, these instru-
ments are unsuitable i-n mes,sureme-nts adjacent to flow bound-
aries (i.e., rails}.

Fiqure 3 shovs .a Prandtl tube nrran~;ed for a three-
dimensional-flow measurement, vhich is also suitnble for
direction determination in the open jet.

-“Sers P17.te (reference 1)

This instrumeilt is illustrated j,n figure 4. It COil-
sists of a round nlate with ,a 0.4-millimeter pressure or-
ifice in the center soldered ,’toa tu-oe”. The pressure re-
versal point is determined b:,rytawipq’tan.d,throu?h it., a
certain. angular “deflection from the Zero position is as-
cert.niner.i..The pressure variations obtaine~l,~~ith differ-
ent plates are ,shown in fi3ure”5. The,normal settin% v
i.e., parallel floy around the pls,te,,~ives th$ stati,c
pressure, to be corrected with a correction factor;, 3 900
settinq of the pl<ate to the’ flow direction era ~les the
total-head measurement.. ‘.On-sli’;htly curved floy, the in-
strument is quite pract~c.~1 ‘for flow-direction measurements;
-but on. %reatly curved flow ~attis; the’c.ecessar~~’’dfsk di-
mensions in*rol~Ted prove its ‘use p.s unsatisfactory= ““ “

,.,
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Two Pitot Tu%es Set at Specific Angle (fig. 6)
,“--, ,. ...- -,. ..–.-

In the tests tho pitot tubes sloped at about 126° to-
.. ward one, another.’ The zero point wa+ determined by ad+

justnent, for. equ.al pressures on %oth pitot tubes, orzoro
., .setting on t’he differcnti,al pressure qa%e. . The %isector

of both pitot-tube axes is then identic,r.1 withthe flow
direction. , Based.on tke cali~rati~n of the sino;le pitot
tu%e , the pressure-reversal point occurred at $ +63”
and With italso, a marked direction susceptibility, as
seen in figure 1.

Cylin&.rical Tube &ith Openings (fiq. 7)

The instrument consists of m cylindrical tube nith
tt~o pressure leads
~reference 2).

corm.ecti~q t?ith the outside surface
The location of the hcles in the cylin-

der !Tas first nathematic+”lly computed”by determinin~ the
pressure distribution”on the surface of the cylinder -
yieldinq the pressure-re-~ersal -ooint .nt around 42°. Graph-.
ical d.ifferentiati~n establish~”d the maximum pressure
clmnge at 42° deflection with”respect to neutral POSitiOP-;
so the preisure orifices were located at these angular
settin~;s. The :reat’ deflections on the pressure indica-
tors, ‘even by very small rotations of the cylindrical
tube, vere indicative of the great susceptibility of the
instrumev-t to directions. ‘With the test orifices at 42°
angle, the static pressure p. is measured %y exact flow
on the center line of the cylinder. The total pressure

Ptot
is measured ?Iy turning one orifi~e 42° in the flow

direction, or %y providin~ an orifice at angle O. Fi ;ure
‘7 also shows the pressure variation plotted a%ainst tan%le
of yaw * . As compny?.ti+e instrument in these tests, a
Prandtl tube “~,vitha recorded dynnmic pressure of.’

P.
=fva

- Pov .-
3?’ .,

computed from these

-p. -Po=%%-~o ’””-L—.—

p~~
- p ---~

‘v 2
.. .

values. unfortunatelsr varied t~ith the
distance of the test ,orifi~es from the tkmel walls - the

,... ,.

.



r~.pid velocity de@rea S~. ~n’.t~tefu&ne3”’Whl I ~ll%a~lill~ a
transverse flow aloa$ ihe stagnation line o“f the cylinder.

,.,,. ,.“.” : ,.. ,. ..... .
Different schenes.~esorted. ~0 in the..attenpt to re-

nove t’his.efj~ct oil factor k~ ver~ OY:ly :p~r%ially stic-
cessful; i.e., they lowered the effect but f~iled to re-
nove it iri its ’elntiretyo More”’ela%ora%e i:nvesti~;ations
are under way. The trans-rerse flou occurs, even in uii-
distur-oed free floti when, as~.always in pipe.flow, spiral
phenomena occur. In qener~~, h~:~e~~er, the cylindric,~l
tube is very practical. for d,eternininq.tho tirection in
two-dinen.sionp.l <low$ ar.d can- be used Qucccgsfully. It is,
ii: addition, simple *O qanufacturo ,na~~easy to mount ir.
closed ~~iildtun.ncl.s.

. ...

.%) Three-dintin.sional. flow-~iroctio~ fieasurcnent --————..————_.-_——___———__._..._._--..—y-..-..—.----------.——
with three nitot tubes ~f%g_.Q).- ‘TheLlvnanic ~~essure clan ,.-.— u.—_

-————--——————---—T””—-——-–——&—”-—------z—-7claw ~onsists of three pltot tubes, at 63 s~ope toward the
i~edian axis. Using two such cl.aI.7sin tro plnnes at ri?ht
~fin%lesto ‘each other, a. three-dimensional flow-direction
neasurer.ent ccm be effected. (or a two-dir.ensional , rith
only one claw) . ,Ig the latter ca~e.’the t’wo outside tubes
serve to swing t~n-e.instruraent in the zero position; then
the central tu-oe qives the total pressure , ,and the ,two on-
the outside, the static .pressure. The cla]7 cf?,ti.-~e,use?.
to speci~.1 o,dvp.:ltaqeon boundary flOwS SillCe it - in cQ~~-
trast to the syhericnl.pitot - caitifests no neasuralle
wall effect. . The shape of t~e’clc.w pre7ents the advance
of ,~n e~e~~tu~-1traas-~~rse f~o17 fro~. re~c3-izi~ the instru-
ment.

aCtUnlly +n the so.ae place ,as tl.e first- w~lich~ ~,ly unf(a70r-
,able velocity distri%utior- in the tunr-el, inevitably leads
to errors.. Moreoser, the o%liquq setti,n< causes vortices
on t~~e two later,~l mitot tu~e”s whit’a ma~~ falsify the fl.c-
tu<nl pressure.

Pressure Cl?w with Fi”7e Pito,t Tubes, ,(reference 3).. .. . ,..... ,.;...“”.’ ,.””

‘This instrument (fiq. :9] ”&’onsists””of fi~~ tii’tout.“
tu-oes, of vhieh each two tu%es slope e.t about 63° toward

.
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@ the fif!+ andr nedian tu%e.,,,,.. For -practical .use, the instru-
$ ment is mounted as ‘-shown ‘i--h‘“fi’gure9“;’””wliich“pe”rmits yawinq
i in t~he vertical and the “horizontal planes. The axes of
$ rotation intersect in the central test point, hence its
3
‘,: position remai”ns unchanged and the measurement is point
.!
j

hy point. ~The opposite tubes are connected with a nanom-
eter each, so that when the axis of the instrument coin-
cides with the flow ?.irection, the paired-off pressures
are zero. The flow an~les aro read on qraduatcd disks.
The zero, readinq on both an~le graduations is to be ob-
tained previously in” the normal air stream. The velocity
is measured hy connecting the central with one of the out-
side pitot tubes.

However, this instrument, like the one with three
pitot tu-oes, is extremely sensitive at the tips on ac-
count of the vortices. In other than honoqeneous air
flow, the necessary size of the instrument nakes the find-
inqs unreliable. In closed tunnels, it is hardly practi-
cal bec,ause of its yawinq rechanism, and even in direct
wall proxinity, the size of the head presents obstacles.

Spherical Pitot (reference 4) (fiqo 10)

!This conprises, aside froz! a spherical head, the
shaft with the pressure tu%es, the leads, and a scale.
The pitot itself has fi~~e orifices on ‘two neridians et
riqht anqles to each other. Pres~ure tubes lead fron the
orifices th.rouqh tile shaft to~ard the instruncnt end, as
shown in figure 11. Three orifices (5, 2, and4) at 45°,
are located on tho equator, orifices 1 r.nd 3 on a nerid-
ian, each at 51° to’ the axis 2 to O. The zero point on
the scale lies on the plane of reference through the me-.
ridiansl, 2, 3. The five loads terninate” in five U tu%es
as pressure gCaqes. While on four of the pressure indi-
cators, one free ,arn of the U tube connects with the
outside air, the fifth records the difference in tie
pressure lines 4 nnd 5. A ?randtl pitot recordinq the
static, dynanic, .cmd total pressure, serves as conparntive
instrument. Durin% noasuring, the sphere is turned around
axis .W till pressure-difference indicators 4 and 5 indi-
cate deflection O. Then tho neridian ylane 1, 2, 3 is ex-
actly in flow dtrection. . The setting $ = O is aster-=
tained on the scale disk, after which the pressures -
neasured on pressure .qe,ges1, 2, 3, 4 - afford the coeffi--
cients for deternininq the flotv anqle 8, the rate of
flow v, and the st,atic pressuro p

St “
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With %o’tl’ %ota ... denoting the deflections on

the individual test orifices 1 :4, we have:

+k, P.2
%btl ‘=‘stat 1 z’ ‘v .

P
‘*tot2 = Pstat + % ~ V2

. . .

. ● ✎

where

Ptot
total pressure (nn, inter)

‘static static”prossure (Hn, muter)

kl, k~ nondimensional factors of tkc individual
orifices

P ,air density

v flow ve~ocity

%ota - %otz
k ———_- ————— ——

1,2,3,4 =

‘tota - %ot4

.,

Pkot’ - ~totd———_______———

k2;4 beiqq asccrtnined %y superposition of ka Oil k~.

The coefficients were ?Leterr.ined r.ath.erratically tar-dex-
pcrinentally. The static pressure follows fron
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The theoretical cnlcul.ation of the coefficients t7as
carried out by potontiai tieor,i:on the assumption of a
‘fictionle’s-”s,“stationary flow. Fiquro 12 qives a compar-
ison between the theoretically conputed (rcferencc 5) and
tho expcrinent”all~~’?.efinefl ‘curvo of’t’hticoefficient.’ The
calibration curve for orifice 1, +.lere the disturbing ef-.
fcc$ of the shaft is least, served for conp(arison.. !she
spheres were oxplorod in tk.e “cali%r’ation test s?lstcfl(fi5c
13)= The effects of an oycntual chanqo in the air hu-
nidity of the baro~etcr iedding ,nnct“b”f,the tmq?erature
during the experi&ent nust- be allo17ed ‘for ~n the calibra-
tion. The calibration curve of tho sphere shown in fi%-
ure 14, is indic.ati.ve of Satisfactory flow. For record-
inq flow direction - total, stdtic, and ?.ynanic pressuro -
the use of spherical pitots is recon’:;endec!..Accordinq to
fi~ure 15, tho d.raq cooffici.ent of the” sphere is practi-
ctnlly constant ‘between” Re = 4.0 X 103 an d 1.5 x 105,
equivalent to n spocd ranq’e of fron ‘11.:5to 430 ncters
ycr second for tho ‘cr,ploycd sp>~ore Aianetcrso

Anwlar doflp.ctions up to a%out 46”0° pro7ed to be
the limit of application of sp~erical pitots. By rapid
directional chanqcs, t~~~ ~e”asuremcnt is very tine-consum-
ing as a result of the ~;rcat inertia of the mater column
in the U tu”oes. Desyite all attenpted reductions in the
d.inen-sions of the Spheric,nl he,ad, n really accurate test
result cannot %e secured ~,yit:lt~me spherical ;oitot.

Spherical l?itot T;it:loutTr~nsvcrsc F1OW Effects (fiq.. 16)

This desiqn followed the norrml type of spherical
pitots, but with special attention to t>e spindle which,
to securf3 a synnetrical pressure distribution across the
sphere surface, is plnccd roarrar~, so that the trans-
verse flow forninq on the spindle cannot creep forward to
the test orifice and affect the pressure pattern. In nr-
der to keep orifico 2 at the sane ~>lace wfiile yawinq o“~out
anqle $, it is located on thc+oxtension of t3.e spindle
axis. Introduction into the flow requires a sliqhtly
~reater ~~ole in t~lo tUll~-ellT~.110 The chief draw%ack of
this desi~n version is that, owinq to tho hen?. in the shaft
the flow direction can only he ncasured up to a cert<zin
distance from the tunnel wall. On tho cost recent d.esiqn
versions, the sphere has a diane%er of only 3 nillineters
(reference 6), while t!lo befit shaft has been retained..
Since it c~un he passefi thrOuqh ~ hole of only 6 nillineters,
its use is very convenient.

Translation hy J.. Vr.nier,
Nationc.l Ad-tisory Cozmit-teo
fOr Aerono.utiCS.

--
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Figure 1.- Pitot tube -d preaaure variation for the
* impact opening by yawing.

mm Wafer
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I&gum Z!.-Prandtl pitot and pressure varimt’ionobtained
by yawin6 the total head tube.
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Figure 3.- Yawing arrangement for determining,tti flow
direct%en with a Prandtl tube.
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rigs. 4,5,6,7

~igure 6.- l!lowdirection
instrument

consisting of t~o pitot
tubes aet at .63 . “

Figure 4.- Seqe plate and pressure variation
at ‘differentflow anglem.

Figure 5.- Preesure plotted against angle of flow and for
different plate edge deeigns.

.4-L9

—

ED& ~
I 64
I--6--I

Pigure 7.- Cylindricaltube used for recording two-dimensionalflowe
and pressure variation on the cylinder mrface in

relation to angle of yaw.
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Figure $.-Pressure

----.

reeorder with 3 pitot tubes.

Figure ‘9, - Press-me z=eccrderwith 5
piht hzbe%.

-ftl I I I I !—W6

Figure 12.-Calculated and actual pressure curve.
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Figure 13.-Calibration ●et-up.
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?igure 14.- Calibration
curves

taken in homogeneous
etream.

?igure 15.. Sphere drag
coefficients

plotted againet Reynoldls
number.
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